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SUMMARY	OF	THE	O1	&	O2	RESULTS	
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GW170104	
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GW170104	
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GW170104:	search	results	
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Results	 from	 two	 independent	 searches	of	 the	binary	 coalescence.	 The	histogram	shows	
the	number	of	candidate	events	 (orange	markers)	 in	 the	5.5	days	of	coincident	data	and	
the	expected	background	(black	lines)	as	a	func*on	of	the	search	detec*on	sta*s*c.	At	the	
detec*on	sta*s*c	value	assigned	to	GW170104,	the	search's	false	alarm	rate	is	less	than	1	
in	 70,000	 years	 of	 coincident	 observing	 *me.	 Right	 plot	 is	 from	 an	 independently-
implemented	 analysis,	where	 the	 detec*on	 sta*s*c	 lnL	 is	 an	 approximate	 log	 likelihood	
ra*o.	The	two	search	algorithms	give	consistent	results.	
	



GW170104:	masses	&	spin	
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Summary	of	O1	&	O2	results	

9	F.	Sorren*no	20/06/17	Genova	



Astrophysical	implica*ons	

§  Stellar	binary	black	holes	exist	
§  They	form	into	binary	pairs	

§  They	merge	within	the	life*me	
of	the	universe	

§  The	masses	(M > 20 M☉)	are	
much	larger	than	what	was	
known	about	stellar	mass		Black	
Holes.	

•  Given	the	uncertainity	
regarding	the	measurement	of	
the	spins	of	the	component	
BHs,	the	inferred	range	is	
consistent	with	both	the	
scenarios	for	BBH	forma*on:	
–  Dynamical	capture	in	dense	

stellar	clusters	
–  Isolated	evolu*on	in	galac*c	

fields	
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Sky	localiza*on,	e.m.	follow-up	

11	F.	Sorren*no	20/06/17	Genova	

32	Ac3vated	facili3es	

gamma-
ray	(7)	

X-ray	(1)	

op*ca	
(21)l	

radio	(2)	

neutrino	
(1)	



GR	test	from	IMR	consistency		
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Inspiral-merger-ringdown	consistency:	
Es*ma*ng	the	final	mass	and	spin	from	
the	ini*al	(low	frequency)	and	final	
(high	frequency)	stages	of	a	BBH	
coalescence	and	checking	their	
consistency.	
	
The	consistency	of	the	ini*al	and	final	
es*mates	of	final	mass	and	spin	implies	
that	there	is	no	evidence	from	this	test	
for	a	departure	of	the	signal	from	the	
predic*ons	of	GR	for	the	
coalescence	of	BBHs	in	quasicircular	
orbits.	
	
We	combine	informa*on	from	
GW170104	and	GW150914	to	obtain	
*ghter	bounds	on	possible	devia*ons	
from	GR.	



GR	tests	–	dispersion	term	
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•  In	GR,	there	is	no	dispersion!	
Add	dispersion	term	of	form	
							2	=	p2c2	+Apαcα,			α	>	0	

									(E,	p		are	energy,	momenturm	of	g-w,	A	is	
amplitude		of	dispersion)	
	

•  Plot	shows	90%	upper	bounds	

•  Null	tests	to	quan*fy	generic	
devia*ons	from	GR	

The	upper	bound	on	the	mass	of	the	graviton	
is	improved	and	it	is	consistent	with	the	
theory	of	a	massless	graviton	



GR	tests	– ppn	terms	

•  GW150915,	GW151226	and	GW160104)	combined	
•  Order	of	post-Newtonian	expansion,	then	β	and	α	parameters	
•  All	are	consistent	with	no	devia*ons	from	GR	
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PERSPECTIVES	FOR	GW	OBSERVATION		
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1st	genera*on	GW	detectors	
•  LIGO,	Virgo	and	GEO600	operated	operated	for	about	one	

decade,	reaching	their	design	sensi*vi*es	
•  Demonstrated	a	reliable	technology	

–  duty	cycle	up	to	80%	
–  good	knowledge	of	limi*ng	noise	sources	

•  No	detec*ons,	but	clear	path	towards	2nd	genera*on	antennas	
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1st	genera*on	network	

•  GW	antennas	are	poorly	direc*onal	
•  Source	localiza*on	requires	simultaneous	
distant	detectors	

•  MoUs	among	LIGO,	Virgo	and	GEO	since	2007	
for	full	exchange	of	data	
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Towards	advanced	detectors	
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Advanced	detectors	

•  10	x	sensi*vity	improvement	over	1st	genera*on	
detectors	

•  1000	x	increase	of	observa*on	volume	
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O1	Sensi*vity	
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O2	vs	O1	Sensi*vity	

21	F.	Sorren*no	20/06/17	Genova	



LIGO-Virgo	Observing	scenario	
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BBH	detec*on	rates	
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The	updated	merger	rates	for	binary	black	hole	coalescences	are	
	
12÷213 Gpc-3 yr -1				
	
which	is	consistent	with	the	range	9÷240 Gpc-3 yr -1		
es*mated	from	the	first	observing	run	



GW	detector		network	
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Without	Virgo	 With	Virgo	



Source	localiza*on	
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Other	sources	
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BNS	

GRB	



Future	GW	detectors	network	
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Future	GW	detectors	network	
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STATUS	OF	ADVANCED	VIRGO	
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Advanced	Virgo	
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AdV	setup	

To	be	installed	at	later	stage	
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AdV	setup	
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AdV	challenges	
•  Reducing	thermal	noise:	

–  increased	beam	size	@	input	TM	(2.5	x	higher)	
–  improved	mirrors’	planarity	(16	x	beler)	
–  Improved	coa*ngs	for	lower	losses	(7	x	beler)	

•  Reducing	quantum	noise:	
–  Increased	finesse	of	arm	cavi*es	(9	x	higher	than	iVirgo,	3	x	higher	than	Virgo+)	
–  High	power	laser	(16	x	more	input	power)	
–  Heavier	test	masses	(2	x	heavier)	

•  Seismic	isola*on:		
–  iVirgo	superalenuators	compa*ble	with	AdV	specs	
–  adapted	for	new	payload	(added	mass	and	complexity)	
–  new	electronics	

•  Thermal	compensa*on	(100	x	higher	power	on	TM)	
–  ring	heaters	
–  double	axicon	CO2	actuators	
–  CO2	central	hea*ng		

•  Beler	vacuum	(10-9	instead	of	10-7)	
•  Stray	light	control	

–  Suspended	op*cal	benches	in	vacuum	
–  New	set	of	baffles	
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AdV	vs	ini*al	Virgo	
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From	AdV	TDR	
hlps://tds.ego-gw.it/?content=3&r=9317	



Mirrors	
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•  Low	mechanical	losses	
•  Low	op*cal	absorp*on	
•  Low	scalering	
•  42	kg,	35	cm		diam.,	20	cm	thick	
•  Flatness	<	0.5	nm	rms	
•  Roughness	<	0.1	nm	rms	
•  Absorp*on	<	0.5	ppm		
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Thermal	compensa*on	
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•  Double	axicon	for	beler	thermal	lens	correc*on	
•  Compensa*on	plates	to	reduce	CO2	laser	noise	coupling	
•  Ring	heater	to	tune	mirror	RoCs	
•  Diagnos*cs:	Hartmann	sensor	&	phase	cameras	



Stray	light	control	
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•  Reducing	amount	of	scalered	light	
–  320	baffles	welded	to	pipes	

•  Reduce	rela*ve	mo*on	between	
scalering	surfaces	and	detec*on	
photodiodes	
–  Baffles	integrated	on	each	suspended	

payload	
–  Photodiodes	hosted	on	suspended	

benches	in	vacuum	



Vacuum	
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•  With	iVirgo	vacuum	level	(10-7	mbar,	dominated	by	H2O)	phase	
noise	from	background	gas	would	limit	AdV	sensi*vity	

•  Need	to	reduce	phase	noise	by	a	factor	10	=>	improve	vacuum	
by	a	factor	100	(scaling	with	√P)	

•  Backing	arm	tubes	already	tested	to	10-9	mbar	(dominated	by	
hydrogen)	

•  Backing	TM	towers	not	opportune		
•  Large	cryo-traps	close	to	towers	
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Integra*on	issues:	broken	blades	

•  At	end	2015,	13	maraging	blades	of	seismic	filters	in	
superalenuators	were	found	broken	

•  We	iden*fied	the	cause	of	failure	in	hydrogen	
embrillement	of	the	steel	

•  We	replaced	about	½	of	the	blades	
•  We	prepared	a	new	stock	
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Monolithic	suspensions	issue	
•  Repeated	breaking	of	monolithic	suspensions	

under	vacuum	
•  Temporary	solu*on	for	O2:	steel	wires	
•  Deep	inves*ga*on	to	find	the	causes	of	

failure	and	possible	solu*ons	
–  Failure	of	glass	anchors	excluded	by	microscope	

analysis	of	fractures	
•  Breaking	always	occurred	at	the	level	of	the	fibers	

–  Basic	mechanism	of	fiber	breaking	under	vacuum	
iden*fied	
•  fast	dust	par*cles	hit	the	fibre	and	produce	fractures	
•  In	vacuum	large	veloci*es	are	possible,	given	an	ini*al	

momentum	
•  some	pumping/ven*ng	cycles	using	scroll	pumps	

provide	significant	dust	levels	in	chamber	
•  SEM	and	µ-Raman	analysis	of	dust	to	understand	origin		

•  Improvements	on	vacuum	system:	separate	
pumping	and	ven*ng	pipes	

•  Risk	mi*ga*on:	metal	shields	around	fibers	
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Target	sensi*vity	for	O2	
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AdV	installa*on	concluded	
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Current	status	
•  Current	sensi*vity	is	at	the	level	of	Virgo+,	about	a	
factor	10	from	LIGO	

•  Expected	to	improve	by	about	a	factor	2	within	a	few	
weeks,	mostly	by	noise	hun*ng	
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Current	status	
•  ER11	started	on	last	week-end	
•  First	joint	opera*on	of	three	advanced	detectors!	
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Commissioning	challenges	

•  AdV	op*cal	configura*on	is	challenging:	marginally	
stable	cavi*es	

•  Recent	measurement	of	cri*cal	op*cal	parameters	
–  PRCL	gain	for	carrier	and	sidebands	
–  PRCL	length	
–  Schnupp’s	asymmetry	
–  Arm	cavity	finesse	
–  Arm	cavity	losses	

•  Op*cal	simula*ons	
–  TCS	induced	RoC	in	ITMs	
–  Recycling	gain	vs	RoC	
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Noise	hun*ng	
•  Systema*c	correla*on	of	all	environmental	channels	with	ISC	

signals	
–  several	families	of	scalered	light	glitches	iden*fied	
–  some	e.m.	noise	couplings	iden*fied	and	removed	

•  Noise	budget	developed	
–  Preliminary	data	from	first	dark	fringe	locks	
–  Currently	dominated	by	control	noise	
–  Best	sensi*vity	@400	Hz	
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Short	term	plan	

•  In	4÷6	weeks,	before	joining	O2	
–  Noise	hun*ng	and	minor	
upgrades		

–  Goal	is	to	reach	a	BNS	range	
around	20	Mpc	

•  Data	taking	in	science	mode	in	
this	configura*on	for	O2		
–  Acquire	data	with	a	network	of	3	
detectors	

–  Performance	check	on	detector	
–  To	iden*fy	technical	noises	
limi*ng	the	sensi*vity	
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Medium	term	plan	

•  Further	commissioning	auer	the	end	of	O2		
– Mi*gate	technical	noises	
–  Put	TCS	in	opera*on	to	cope	with	unstable	op*cal	cavi*es	

•  Further	changes	possibly	implemented	before	O3	
– Monolithic	suspensions	(4	FP	payloads)	
–  Frequency	independent	squeezer	
–  Signal	recycling	
–  High	power	laser		

•  Priority	with	respect	to	sensi*vity	gain/impact	on	
commissioning	

•  Need	some	commissioning	*me	auer	each	installa*on	
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Squeezing	in	AdV	

•  Originally	not	foreseen	in	TDR	
•  Working	group	since	2013	to	develop	

a	prototype	op*cal	bench	for	
frequency	independent	squeezing	
–  Assembled	and	currently	opera*ng	

@EGO		
•  In	parallel	conceptual	design	

developed	@	CALVA	for	frequency	
dependent	squeezing	with	a	filter	
cavity	
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Squeezing	in	AdV	
•  Recent	proposal	by	GEO	to	provide	a	benchtop	
squeezer	(15	dB	frequency	independent)	

•  A	working	group	was	set	up	to	manage	the	
integra*on	in	AdV	before	O3	

1.1o m  

1.05 m
  

From	AdV	squeezing	TDR	
hlps://tds.virgo-gw.eu/?
content=3&r=12509	
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Auer	the	AdV	project	
•  Goal	for	next	decade:	exploit	the	scien*fic	poten*al	
of	AdV,	and	pave	the	way	to	3rd	genera*on	

•  2017÷2018:	upgrades	towards	O3	
•  2018÷2022:	successive	improvements	forward	
design	sensi*vity,	pursue	long	and	high	duty	cycle	
opera*on	

•  Auer	2022:	upgrades	in	current	infrastructure,	
beyond	AdV	design	sensi*vity	and	in	view	of	3G	
infrastructure	(E.T.)	
–  Frequency	dependent	squeezing	
–  NN	cancella*on	
–  coa*ngs	
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AdV+	
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F.	Ricci	



Conclusions	

•  GW170104	
–  No	drama*cally	new	features,	more	solid	case	for	stellar	BBH	systems,	

detec*on	rates	confirmed,	limits	on	GR	tests	improved	
•  Future	of	GW	detectors	

–  Next	3÷5	yr:	reach	aLIGO	and	AdV	design	sensi*vity,	first	opera*on	of	
Kagra	

–  increased	observa*on	*me,	tens	of	BBH	detec*ons	expected,	possible	
detec*on	of	other	sources	

–  In	10	yr:	extended	network	of	2nd	genera*on	detectors:	Kagra,	iLIGO	
–  In	15÷20	yr:	LISA	mission,	set	up	of	3rd	genera*on	

•  Advanced	Virgo:		
–  installa*on	completed	in	July	2016	
–  Commissioning	in	advanced	status	
–  Short	term:	join	O2	in	a	few	weeks	
–  Medium	term:	upgrades	towards	O3	
–  Long	term:	reliable	opera*on	at	AdV	design	sensi*vity,	and	plan	for	

R&D	beyond	AdV		
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